The distribution of anaerobic ammonium oxidation (anammox) in nature has been addressed by only a few environmental studies, and our understanding of how anammox bacteria compete for substrates in natural environments is therefore limited. In this study, we measure the potential anammox rates in sediment from four locations in a subtropical tidal river system. Porewater profiles of NO x ؊ (NO 2 ؊ plus NO 3 ؊ ) and NO 2 ؊
The distribution of anaerobic ammonium oxidation (anammox) in nature has been addressed by only a few environmental studies, and our understanding of how anammox bacteria compete for substrates in natural environments is therefore limited. In this study, we measure the potential anammox rates in sediment from four locations in a subtropical tidal river system. Porewater profiles of NO x ؊ (NO 2 ؊ plus NO 3 ؊ ) and NO 2 ؊ were measured with microscale biosensors, and the availability of NO 2 ؊ was compared with the potential for anammox activity. The potential rate of anammox increased with increasing distance from the mouth of the river and correlated strongly with the production of nitrite in the sediment and with the average concentration or total pool of nitrite in the suboxic sediment layer. Nitrite accumulated both from nitrification and from NO x ؊ reduction, though NO x ؊ reduction was shown to have the greatest impact on the availability of nitrite in the suboxic sediment layer. This finding suggests that denitrification, though using NO 2 ؊ as a substrate, also provides a substrate for the anammox process, which has been suggested in previous studies where microscale NO 2 ؊ profiles were not measured.
Anammox (anaerobic ammonium oxidation) is the anaerobic conversion of NO 2
Ϫ and NH 4 ϩ to N 2 . Although its existence was suggested as early as 1965 (24, 25) , the first direct evidence for this process came from studies of activated sludge from a wastewater treatment plant in The Netherlands only a decade ago (21) . The process has since been studied extensively in enrichment cultures with a view to using it to treat nitrogen-rich wastewaters (34, 37, 41) . A number of recent studies have also reported the presence of anammox in the natural environment, namely, in estuarine and offshore sediments (27, 31, 38, 39) , in permanently anoxic bodies of water (7, 17) , and in multiyear sea ice (30) . Anammox may be an important pathway in global N cycling, since it can account for as much as 67% of benthic N 2 production (8, 27, 31, 38, 39) , the remainder being produced by denitrification. However, the characterization of the biogeography of anammox, its significance compared to denitrification, and its regulation in nature is still incomplete, since the methods used to detect the presence and activity of anammox bacteria have become available only recently.
According to present knowledge, anammox is carried out by a few anaerobic, autotrophic bacteria belonging to the order Planctomycetales (32, 33) . These bacteria have not been isolated in pure culture, and the current information about their physiology has been obtained from enrichment culture studies (11, 36) . While enrichment culture studies have provided substantial insight into the physiology of the enriched species of anammox bacteria, these data may not be directly applicable to understanding of anammox in natural systems. The anammox organisms so far identified in marine systems, though still Planctomycetales, are only distantly related to the anammox bacteria studied in enrichment cultures (17, 27) . Therefore, knowledge about anammox in nature must still come from a continuous effort to measure the distribution of the process in various environments and to relate biogeographical data to the physiochemical parameters that may influence the process. However, due to the limited information about factors controlling the process in natural systems, selection of those parameters must be based on hypotheses.
Stable-isotope ( 15 N) experiments in sediments have established that NO 2 Ϫ and not NO 3 Ϫ is the oxidized substrate for the anammox process (8, 27, 38, 39) , although recent research suggests that some cultivated anammox bacteria can reduce NO 3 Ϫ to NO 2 Ϫ with propionate as the electron donor (15). Furthermore, marine anammox bacteria, in contrast to their competitors, the denitrifiers, appear to require a continuous supply of NO x Ϫ (NO 2 Ϫ plus NO 3 Ϫ ) to maintain an active enzyme apparatus (26) . Given that NH 4 ϩ is rarely limiting in sediments (see, e.g., reference 28), the availability of NO 2 Ϫ most likely controls the abundance of active anammox bacteria.
A consequence of this hypothesis is that the activity and presumably the abundance of these bacteria are strongly linked to the activity of other bacterial groups, since nitrite is produced as an intermediate in both nitrification and denitrification. The abundance of free NO 2 Ϫ in the sediment is, therefore, a result of the complex balance between diffusive transport, aerobic NH 4 ϩ and NO 2 Ϫ oxidation, and anaerobic NO 3 Ϫ and NO 2 Ϫ reduction. The availability of NO 2 Ϫ , as well as the identification of the principal source for net NO 2 Ϫ production in sediments, is still not well studied, due to the scarcity of techniques that allow measurements of NO 2 Ϫ with sufficiently high spatial resolution. However, with the advent of ion selective microsensors (10) and novel biosensors for NO 2 Ϫ (22), it is now possible to address this issue.
In the present study, we investigate the occurrence and significance of the anammox process relative to denitrification, and we correlate the process to the availability of NO 2 Ϫ in sediment from four locations in an Australian subtropical tidal river fringed by mangrove vegetation. We thereby add to the still limited database on the biogeography of the anammox process in sediments, which currently covers only temperate and Arctic regions. Nutrient cycling in subtropical rivers and estuaries differs from that in temperate estuaries, primarily due to the different timing and magnitude of freshwater input, since the rainfall in subtropical regions is highly variable, with long dry periods during the winter months and intermittent but intense rain events during the summer months. The nutrient loading in subtropical rivers and estuaries therefore varies greatly over the year (12, 13) . Biosensors for NO x Ϫ (18) and a novel sensor for NO 2 Ϫ (22) were used to measure the concentration and spatial distribution of NO x Ϫ and NO 2 Ϫ in the sediment on a micrometer scale. This detailed information about the availability of oxidized nitrogen species enabled us to investigate whether there is a link between the distribution of the anammox process, its potential activity, and the availability of NO 2 Ϫ in the suboxic sediment layers harboring the process. It is possible to quantify production and consumption processes and to determine their vertical distribution in sediments from concentration profiles of given chemical species by using Fick's second law of diffusion (1, 2, 16) . In the present study we use the method of Berg et al. (3) to determine the distribution and size of NO 3 Ϫ and NO 2 Ϫ production/consumption processes. From the physical location of these processes in relation to the oxygen profile, we seek to establish whether aerobic NO 2 Ϫ production (i.e., aerobic ammonia oxidation) or anaerobic NO 2 Ϫ production (i.e., NO 3 Ϫ reduction) is the principal NO 2 Ϫ source for the anammox process.
MATERIALS AND METHODS
Study site and sampling. Sediment was collected from the Logan/Albert River system in subtropical southeast Queensland, Australia (Fig. 1) . The catchment of the rivers covers 3,740 m 2 (12) . Both rivers arise in forested national parks, and the catchment overall is dominated by grazing land and natural forest. The upper reaches have been cleared for grazing and agriculture (some sugar cane), and the lower reaches flow through rural residential and urban areas. The two rivers join 11.2 km from the river mouth, and the tidal limit occurs about 16 km upstream of this junction. While the upper reaches are relatively pristine, the Logan estuary is characterized by poor water quality, with high turbidity and high nitrogen and phosphorus levels. Primary sources of nutrients are two wastewater treatment plants located in Logan River (19.6 km upstream) and Albert River (11.5 km upstream). Nutrient levels increase with distance from the mouth and reach a maximum approximately 23 km upstream (12) . Four study sites were chosen in a transect up the Logan and Albert rivers, with station 1 located just outside the mouth of the river and station 4 located furthest upstream in Logan River (Fig. 1) . Monthly water-phase nutrient monitoring at stations 2, 3, and 4 by the state Environmental Protection Agency shows that annual ranges of concentrations of oxidized nitrogen species are 0.8 to 9.9 M at station 2, 22 to 44.7 M at station 3, and 27 to 93.2 M at station 4 (12) . The annual range of ammonium concentrations is 0.2 to 2.3 M at station 1, 0.3 to 27 M at station 3, and 1.6 to 52.5 M at station 4 (12) .
Four replicate sediment cores were sampled from stations 1 to 4 ( Fig. 1 ) using 29-mm-inner-diameter plastic cores. Cores used for microsensor measurements were transported to the laboratory within 4 h of sampling. The sediment was pushed up so that the sediment surface was flush with the edge of the core. The cores from each site were incubated in a 10-liter aquarium containing in situ water sparged with air at room temperature (24°C). The water in the aquarium was changed every 2 days. Cores were incubated in the aquarium for at least 24 h before commencement of measurements. At the end of the microsensor measurements, these cores were used for determination of the sediment porosity by measuring the wet weight and dry weight (after 24 h of drying at 105°C) of the upper 5 mm of the sediment cores.
Sediment used for potential anammox and denitrification measurements in anoxic slurry incubations was collected with 29-mm-inner-diameter cores, and the top 10 mm of sediment was pushed out of the core and transferred to a 50-ml plastic container. Sediments from the top 10 mm of approximately 20 cores from each site were mixed in the plastic container, transported to the laboratory, and stored at room temperature (24°C) overnight before preincubations for the anammox measurements were started. The in situ temperature of Logan and Albert rivers ranges from 18 to 28°C annually (12) .
Microsensors and measurements of porewater profiles. Porewater profiles of NO x Ϫ , NO 2 Ϫ , and O 2 were measured in all sediments by using microsensors for O 2 (23) and biosensors for NO x Ϫ (18) and for NO 2 Ϫ . The NO 2 Ϫ sensor was constructed like the NO x Ϫ biosensor except that the culture of bacteria used (Stenotrophomonas nitritireducens) was deficient in NO 3 Ϫ reductase (22). Concentrations of NO x Ϫ , NO 2 Ϫ , and O 2 in porewater were measured as three or more replicate profiles from at least two different cores, as described by Meyer et al. (20) . Profiles of NO 3 Ϫ were calculated by subtracting the averaged NO 2 Ϫ profile from the averaged NO x Ϫ profile. Water-phase samples for NO x Ϫ and NO 2 Ϫ were collected during profile measurements and used for calibration of the sensors. Concentrations of nitrate plus NO 2 Ϫ (NO x Ϫ ) were determined using the vanadium chloride reduction method (5) on a NO x Ϫ analyzer (model 42c; Thermo Environmental Instruments). Nitrite concentrations were determined by a standard colorimetric method described by Grasshoff et al. (14) .
Profiles of NO x Ϫ , NO 2 Ϫ , NO 3 Ϫ , and O 2 production were calculated from the respective individual concentration profiles and from the average profile by using the numerical method of Berg et al. (3) . For a direct comparison of each process in the different sediment layers, calculations of production profiles were performed using the same increments on the depth scale, resulting in the same spatial resolution. Depth-integrated consumption or production rates (per m 2 ) of NO 2 Ϫ and NO x Ϫ were calculated from each replicate production profile, and the diffusion coefficients used in these calculations were calculated as the free diffusion coefficient of the respective species multiplied by the sediment porosity (40 (38) . 15 N-labeled N 2 was measured by gas chromatography/mass spectrometry (RoboPrep-Gϩ in line with Tracermass; Europa Scientific) as described by Risgaard-Petersen and Rysgaard (29) .
Previous studies have shown that identical anammox rates are obtained in incubations with 15 15 NO 3 Ϫ suggested the presence of anammox activity at stations 2, 3, and 4, located in the Logan/Albert river system, whereas the process was below the detection limit at station 1, located outside the river mouth ( Fig. 1 and 2) . The potential anammox rates differed significantly among the four stations (P Ͻ 0.001 by analysis of variance [ANOVA]). The highest activity was found upstream, at station 4, and the process rate decreased gradually as one approached the mouth of the river. The potential rates of denitrification followed a similar, significant trend (P Ͻ 0.001 by ANOVA), with the highest rates at station 4 and the lowest at station 1 (Fig. 2) . Despite these parallel trends, anammox contributed less and less to N 2 production as one approached the mouth of the system. Anammox contributed 9, 5, 2, and 0% to N 2 production at stations 4, 3, 2, and 1, respectively.
Porewater concentration and production profiles of NO x ؊ and NO 2 ؊ . Microscale porewater profiles of NO x Ϫ and NO 2 Ϫ were very different at the different stations investigated (Fig. 3) .
The general trend was a successive downstream decrease in the overall content of NO x Ϫ and NO 2 Ϫ in the sediment. The average NO 2 Ϫ concentration, as well as the total pool of NO 2 Ϫ in the suboxic zone, was highest at station 4 (Table 2), and both of these parameters decreased significantly (P Ͻ 0.001 by ANOVA) at stations located closer to the mouth of the river. At station 1, NO x Ϫ and NO 2 Ϫ in the suboxic zone approached values close to the detection limit of the microsensors (0.2 M). These overall differences in porewater NO x Ϫ and NO 2 Ϫ concentrations among the four stations investigated were due to differences in water-phase concentrations of the respective ion species and differences in NO x Ϫ and NO 2 Ϫ production/consumption rates within the sediment, as summarized in Table 2 and described in further detail below.
At station 1, the NO x Ϫ concentration in the overlying water was only 2 M, and with no NO x Ϫ production within the sediment (Fig. 4) , NO x Ϫ was depleted at a depth of 2.2 mm. This site had the poorest availability of oxidized nitrogen species. Station 2 also had very little NO 2 Ϫ (Ͻ1 M) in the water phase but had a substantial amount of NO x Ϫ (46 M). There was a small net production of NO x Ϫ in the oxic part of this sediment. A net production of NO 2 Ϫ led to a small accumulation of NO 2 Ϫ , with a peak concentration of approximately 2 M near the oxic-suboxic interface. Oxygen penetrated 2 mm into this sediment, but NO x Ϫ penetrated somewhat deeper, forming a suboxic zone extending 2 mm further. Station 3 had a similar level of NO 3 Ϫ in the water phase (42 M) but had somewhat more NO 2 Ϫ (7 M). Production of NO x Ϫ was evident throughout the oxic sediment layer (Fig. 4) , whereas two separate zones of net NO 2 Ϫ production were measured: an aerobic production zone near the sediment surface, associated with net NO x Ϫ production, and an anaerobic b Calculated from individual concentration profiles (n ϭ 3 to 6).
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on November 12, 2015 by University of Queensland Library http://aem.asm.org/ production zone just below the oxic-suboxic interface, associated with net NO x Ϫ consumption. These zones were separated by a net NO 2 Ϫ consumption zone at a 1-to 1.5-mm depth. The total penetration depth of NO x Ϫ was approximately 3 mm, leaving a suboxic zone of 1.5 mm.
The porewater concentration, penetration depth, and transformation rates of NO 2 Ϫ and NO x Ϫ were highest at station 4. The water-phase NO x Ϫ concentration was 96 M, and a high aerobic NO x Ϫ production led to a 120 M peak 1 mm below the sediment surface. NO x Ϫ penetrated 6 to 7 mm into the sediment, and with an oxygen penetration of 2 mm, this led to a deep suboxic zone spanning as much as 5 mm. Nitrite concentrations in the water phase were as high as 20 M, and NO 2 Ϫ also penetrated up to 7 mm into the sediment. The distribution of net NO 2 Ϫ production in the sediment followed a pattern similar to that found at station 3. An aerobic NO 2 Ϫ production zone associated with net NO x Ϫ production was found near the surface, and below this zone, net NO 2 Ϫ consumption was observed. A second NO 2 Ϫ production zone associated with anaerobic net NO x Ϫ consumption was situated at a depth of 2.4 to 4.7 mm, below which NO 2 Ϫ was consumed and depleted.
DISCUSSION
Until recently, anammox was a completely unnoticed process in the global N cycle, yet with the increasing attention paid to it, its widespread distribution has been demonstrated in several marine ecosystems of temperate and Arctic regions (7, 17, 27, 30, 38, 39) . The present study demonstrates the presence of anammox in a subtropical mangrove system and thereby adds to the diversity of environments where anammox has been detected, underlining the apparently ubiquitous nature of the process.
Potential rates of anammox in the Logan River sediments (0.5 to 8 nmol N cm Ϫ3 h Ϫ1 [ Fig. 2] ) were within the range reported for other sediments investigated for anammox thus far, such as temperate estuaries and offshore marine sediments (9) . Interestingly, such a similarity between sites is not found for potential denitrification rates, which can differ by several orders of magnitude (9, 27, 38, 39) .
The contribution of anammox to sediment N 2 production in the Logan River system (0 to 9%) was relatively low and within the range reported previously for temperate estuaries such as the Thames estuary in the United Kingdom (39) and the Danish FIG. 4 . Profiles of net NO x Ϫ and NO 2 Ϫ production calculated from the average NO x Ϫ and NO 2 Ϫ concentration profiles. It should be noted that the division between aerobic and anaerobic processes at station 2 does not occur exactly at the oxic-suboxic interface. This is due to the somewhat coarse increments in the zonation of the production profile obtained by the modeling procedure used. Station numbers are given in lower left corners. (27) . Thus, both in temperate and in subtropical estuaries, denitrification appears to govern benthic N 2 production, in contrast to offshore sediments, where anammox has been found to dominate (38) . Anammox and NO 2 ؊ in the sediment. The anammox distribution found in the Logan River was shown to decrease, both in activity and in its contribution to N 2 production, at downstream locations in the river system (Fig. 2) . This distribution is similar to the pattern reported by Trimmer et al. for the Thames estuary in the United Kingdom (39). These authors observed a significant correlation between the contribution of anammox to N 2 production and the organic carbon content of the sediment. Based on this observation, they proposed that the decrease in anammox activity and in its contribution to N 2 production along the Thames estuary was caused by a decrease in sediment reactivity. They argued that the anammox population was reliant on a NO 2 Ϫ supply that was proportional to the rate of NO 3 Ϫ reduction, which, in turn, was correlated with sediment reactivity. Thus, the authors suggested, though they did not directly show, that NO 2 Ϫ was the substrate limiting the abundance of anammox bacteria.
The direct measurements of NO 2 Ϫ in the Logan River sediment show a strong correlation between the potential anammox rate and the in situ availability of NO 2 Ϫ measured as (i) NO 2 Ϫ production (r 2 ϭ 0.9933) ( Fig. 2 ; Table 2 ), (ii) the average suboxic NO 2 Ϫ concentration (r 2 ϭ 0.9971) ( Fig. 2 ; Table 2 ), or (iii) the integrated pool (mol cm Ϫ2 ) of nitrite in the suboxic sediment layer (r 2 ϭ 0.9273) ( Fig. 2 ; Table 2 ). Thus, at the present concentration level, NO 2 Ϫ appears to control the sediment capacity for anammox. Assuming that the anammox potential is proportional to the density of active anammox bacteria, these correlations support the hypothesis that the abundance of active anammox bacteria is determined by the NO 2 Ϫ supply to the suboxic sediment layer, as proposed by Trimmer et al. (39) . We note that the statistics are based on only four sets of independent observations and that, theoretically, the correlations could therefore reflect a random interdependency rather than a mechanistic dependency. However, the strong correlation between the anammox potential and the in situ availability of NO 2 Ϫ highly supports the hypothesis of NO 2 Ϫ being a key regulator of anammox in this sediment. Processes responsible for delivery of NO 2 ؊ to anammox bacteria. Ϫ concentrations due to differences in the kinetics of the NO 3 Ϫ and NO 2 Ϫ reductases (4), which is consistent with our observation of NO 2 Ϫ accumulation in the suboxic sediment layers having the highest NO 3 Ϫ concentration and the highest NO 3 Ϫ reduction rate (Fig. 3, 4 , and 5). Stief et al. (35) found a similar distribution of NO 2 Ϫ production from NO x Ϫ reduction in freshwater microcosms. Although NO 2 Ϫ accumulated from both aerobic NH 4 ϩ oxidation and anaerobic NO 3 Ϫ reduction, the detailed analysis of the size and distribution of NO 2 Ϫ -producing processes in the sediment suggests that NO 3 Ϫ reduction rather than NH 4 ϩ oxidation was the major direct source of NO 2 Ϫ in the suboxic sediment layer, where anammox occurs. Figure 6 shows a more conceptual presentation of the process rates presented in Fig. 5 , as well as the net diffusive fluxes between the water, the oxic sediment layer, and the suboxic sediment layer.
Not all nitrite accumulating from nitrification was accessible to anaerobic processes; a significant fraction was either lost by diffusion to the water column or further oxidized to NO 3 Ϫ before reaching the suboxic sediment layer. Most of the NO 2 Ϫ was oxidized to NO 3 Ϫ , and there was an efflux of NO 2 Ϫ to the overlying water at all stations (Fig. 6) . The net diffusion of NO 2 Ϫ from the suboxic to the oxic sediment layer demonstrates that aerobic NO 2 Ϫ production was not sufficient to drive a net flux of NO 2 Ϫ to the sediment below. In contrast to NO 2 Ϫ produced aerobically, NO 2 Ϫ accumulating from NO 3 Ϫ reduction is directly available for anammox, because it is produced within the suboxic part of the sediment. Furthermore, nitrate reduction rates were higher than aerobic NH 4 ϩ oxidation rates at stations 2 and 3 but not at station 4 ( Fig. 6) . However, a high aerobic NO 2 Ϫ oxidation at station 4, exceeding the aerobic NH 4 ϩ oxidation, caused a substantial flux of NO 2 Ϫ from the suboxic sediment, which contributed to the aerobic consumption of NO 2 Ϫ . Hence, even though aerobic NH 4 ϩ oxidation was twice as high as anaerobic NO 3 Ϫ reduction in this sediment, nitrification was still driving a net transport of NO 2 Ϫ out of the suboxic sediment below. It is clear that the direct contribution by nitrification to the NO 2 Ϫ pool in the suboxic sediment was negligible. Nitrification may, however, contribute indirectly as a source of NO 3 Ϫ for anaerobic NO 3 Ϫ reduction. This was not the case at station 2, where most NO 3 Ϫ was diffusing into the sediment from the overlying water (Fig. 6 ), but at station 3, NO 2 Ϫ oxidation could account for 80% of the NO 3 Ϫ found to be reduced anaerobically, and at station 4, the aerobic NO 2 Ϫ oxidation even drove a substantial flux of NO 3 Ϫ out of the sediment. In sediments where nitrification activity was high, this process could therefore be an important indirect source of NO 2 Ϫ for anammox. Conclusions. This study verified the presence of anammox in the sediment of a subtropical mangrove system and thereby contributes to the still limited data about the biogeographical distribution of anammox. We demonstrated a strong correlation between the potential rates of anammox and the concentration and total pool of NO 2 Ϫ in the suboxic part of the sediment. Being able to link the potential anammox activity to the availability of free NO 2 Ϫ has brought us one step closer to making general statements about the distribution of anammox in marine sediments. FIG . 6 . Conceptual presentation of aerobic and anaerobic N transformation rates (solid arrows) and net diffusive fluxes (dotted arrows) between the water, the oxic sediment, and the suboxic sediment layer. All rates are in nmol cm Ϫ2 h Ϫ1 .
6148 MEYER ET AL. APPL. ENVIRON. MICROBIOL. However, the conditions under which NO 2 Ϫ accumulates in natural systems are in general not well understood, and distribution of both NO 2 Ϫ and anammox should be studied at other locations, in both similar and different environments, to further validate the proposed link between anammox and NO 2 Ϫ availability. In this study, both nitrification and the intermediate steps in denitrification (i.e., NO 3 Ϫ reduction) caused accumulation of NO 2 Ϫ in the sediment; however, anaerobic NO 3 Ϫ reduction was the principal deliverer of NO 2 Ϫ to the zone where the anammox reaction would take place. Many organisms performing denitrification or nitrate ammonification are able to reduce both NO 3 Ϫ and NO 2 Ϫ . While these organisms compete with anammox bacteria for NO 2 Ϫ , they may also excrete NO 2 Ϫ as an intermediate in their metabolism. Paradoxically, anammox bacteria are in this way reliant on bacteria that are otherwise thought to be their competitors.
